Positive (anode) and negative (cathode) voltage-time charts have been registered for half-wave anodic, AC polarization, and AC-C polarization and for negative polarization (C-packets), respectively. During the process, the visual characteristic changes of the microdischarges were also analyzed, namely: the color and dimension of the microdischarges and the character of the movement on the surface. The quantitative parameters for the microplasma process stages were also defined. For different aluminum alloys, it was found that spark voltage and microarc voltage are not dependent on the alloy composition and the current density. It was likewise shown that a negative current has no influence on the process parameters at the initial stages of the AC microplasma processes. The study's hypothesis on the role of a negative current in initiating phase transition was therefore confirmed.
Introduction
The microplasma electrochemical processes represent the electrochemical conversion of a surface of highly polarized substrates (metals or their alloys) to produce a dielectric oxide layer by using specific sets of the microplasma discharges that exist at the dielectric layer/electrolyte interface. For most of the microplasma processes, the presence of stages with different speeds of voltage increase, different types of microdischarges, and different attending processes has been marked out.
The German scientists A. Guntershulze and H. Betz described the initial stage of the anodic process as being characterized by the presence of sparks. Three areas with different speeds of voltage increase were observed in the voltage-time chart, namely: anodization, and another two stages with various types of sparks. 1) They defined U spark as ''the characteristic of electrical breakdown and sparking.'' One kind of sparks was named metallic because U spark1 depended on the nature of metal, and the other kind of sparks was named electrolytic because U spark2 depended on an electrolyte nature or on the pH of electrolyte. The electrolytic sparks impeded coating growth and even worsened the quality of the coatings.
Further researches that were conducted after a prolonged lull were devoted to the metrological bases of registration U spark .
2) Various criteria were offered for registration U spark , such as the occurrence of visible sparks, 3) noticeable fluctuations of a voltage, 4) deceleration of the growth rate of a voltage, 5, 6) or some simultaneous criteria. 7) In addition, it was established that the nature and purity of metals have a greater effect 2, 8, 9) than the composition and concentration of electrolytes, 1, 3, 10, 12) the density of a current, 1, 10) and temperature. 1, 4, 11) It has been observed that U spark does not depend on the density of a current in the case of aluminum. [13] [14] [15] Since the existing phenomenological theories could not explain the accumulated facts, information on sparking processes are still being gathered up to now.
16) It is difficult to interpret the data due to the absence of a research methodology.
For the first time, the microarc stages were determined qualitatively, 17) and the options and quantitative estimations of the parameters of the stage description were then executed for the anodic microplasma processes. 18) Parameters that could be estimated simply and that would be effective for the analysis and description of the essence of the processes are needed, and these are the average speeds of a voltage increase. The speed of a voltage increase can be determined as a tangent of the angle of the slope of the corresponding voltage-time charts.
18) The line that is perpendicular to the intersection point of the tangents of the time axis provides an estimation of the duration of the corresponding stage. The same line that is perpendicular to the intersection point within the voltage-time charts indicates the values of the voltage (on the axis of voltage), which can be considered U spark1 , U spark2 , and U microarc . (The concrete method is shown on the inset in Fig. 4 .) In addition, control observations were carried out at the points of intersection of the tangents. The visual analysis clearly recognized the changes in the discharges' colors, the increases in dimension, and the life-time at the intersection points.
The set of the quantitative parameters of the stages and the characteristics of the coatings will allow us to find empirical dependences and to predict the obtaining of coatings with necessary characteristics.
The quantitative parameters of the stages in a complex with the characteristics of the microdischarges can become a basis for the definition of the place of the microplasma discharges in the conventional classification of the gas discharges, and also in the modeling of the microplasma phenomenon. A number of models have already been offered by different authors, 19, 20) but this problem has not been fully addressed.
Fewer studies have been conducted on the quantitative parameters of the stages in AC processes than on those in anodic microplasma processes. 21, 22) The accumulation and interpretation of such quantitative data, therefore, are actual problems.
Experiment
Disk samples with areas of 0.25 dm 2 were made using Al alloys. Their industrial grades and compositions are given in Table 1 .
The samples were immersed in a 10-liter stainless steel bath of cylindrical form filled with the electrolyte and located at depths of 50 mm and at an equal distance from the walls of the bath. The bath also served as a counterelectrode and was equipped with a water-cooling jacket and an airlift to hold the electrolyte temperature at 40 C throughout the process. The samples were subjected to microplasma treatment under halfwave anodic and AC polarization. Different combined polarization modes were used, namely: the AC mode and the AC-C mode. The AC-C mode was a consecutive alternation of pulse packets of an alternating current (AC-packet) with negative pulse packets (C-packets), with a frequency 50 Hz in both cases. The half-wave anodic and AC polarization as well as the combined modes were applied with anodic current density j an ¼ 0:2{14:4 A/dm À2 and cathode current density (C-packet) j cath ¼ 0:05{0:35 A/dm À2 . The duration of the AC-packet was AC ¼ 1 s, and of the C-packet C ¼ 0:3 s (see Fig. 1 ). After the treatment, the samples were thoroughly rinsed with water and were dried in hot air.
An aqueous electrolyte was prepared using liquid sodium glass and solid potassium hydroxide. The liquid glass used had the mole ratio SiO 2 /Na 2 O ¼ 3;02 and the density ¼ 1420 kg m À3 . The anode and the cathode voltage-time charts were registered for half-wave anodic, AC polarization, and AC-C polarization, and for negative polarization (C-packets), respectively.
During the process, the visual characteristic changes of the microdischarges were also analyzed, namely: the color and dimension of the microdischarges, and the character of the movement on the surface.
The molecular structure of coating layer was identified by Fourier Transform Infrared Spectrometer (ThermoMattson Infinity Gold FT-IR 60 AR).
The phase composition of the surface layer was studied using the Bruker D8 Advance X-ray diffractometer (Cu K radiation) at a fixed incident angle of 20 in the 2Â ¼ 20{100 range, with 0.2 steps.
Results
A. Guntershulze and H. Betz did not find out the conditions in which sparks would have a creative function. It was supposed that the values of the current density that were used in their experiments were too low to form microarc discharges and to promote the further growth of coatings with high protective properties. The dependence of minimal (critical for the existence of the microarc discharges) anode current density on an alloy composition for the AC and AC-C modes are shown in Fig. 2 . It can be seen in Fig. 2 that the increase in the silicon contents of the alloy leads to the essential increase in the minimal current density that is necessary for the occurrence of the microarc discharges [ Fig. 2(a) ].
The presence of copper in the alloys also produces an increase in minimal anode current density, which is necessary for the occurrence of the microarc discharges [see Fig. 2(b) ].
The following parameters of the stages of the processes were determined through the techniques mentioned above: U spark1 , U spark2 , and U microarc . The distinctions in luminescence, character of movement, sound characteristics, and visual estimations of the microdischarge sizes were also used. The two types of sparks with different voltage values were observed. The U spark1 , U spark2 , and U microarc for different alloy compositions and current densities are shown in Fig. 3 , and it can also be seen in the figure that the composition of the investigated alloys does not influence the U spark1 , U spark2 , and U microarc values within the limits of errors of measurements in the AC mode.
It can be seen in Figs. 3(a)-(b) that the values of U spark1 , U spark2 , and U microarc for grade-1230 and -2017 alloys were investigated within a low range of current densities. For Al-7.6Si and Al-10.4Si alloys, the values of U spark1 , U spark2 , and U microarc were studied using a higher range of current densities [Figs. 3(c)-(d)]. It was therefore shown that in the case of Al-Si alloys, it is necessary to use a high current density for microarc discharges to occur.
It can be seen in Fig. 3 that the current density of the AC mode does not influence the investigated characteristics U spark1 , U spark2 , and U microarc within the limits of errors of measurements. The errors of these measurements are sufficiently high. The reason for this is as follows: The experiments showed that U spark1 and U spark2 depended on surface roughness. The roughness of a surface is higher than the values of U spark1 and U spark2 . The detailed research of this phenomenon was not of interest to the authors of this paper because this dependence was included in an estimation of an error of experiments.
The current density influences the time of attainment of U spark1 , U spark2 , and U microarc (see Fig. 4 ). The time of attainment decreases with an increase in the current density.
The same parameters were determined for the AC-C mode and the half-wave anodic mode (see Fig. 5 ). The values of U spark1 , U spark2 , and U microarc did not change and the time of attainment of these values increased only in the AC-C mode.
For the same purpose, the experiment was carried out for Al-10.4Si alloy in the AC-C mode (see Fig. 6 ). It can be seen Quantitative Parameters and Definition of Stages of Anodic-Cathodic Microplasma Processes on Aluminum Alloysin Fig. 6 that the values of U spark1 , U spark2 , and U microarc did not change either.
Discussion
The discussion of the stages of the processes should start from an analysis of the changes in the qualitative characteristics of the microdischarges. All the microdischarges arose only under the positive polarization of the AC and AC-C modes. 21) At the stage of anodization, the phenomenon of luminescence on the sample surface was noticeable while the microdischarges were absent.
When the voltage of the process began to exceed U spark1 ¼ 190 AE 10 V, spark discharges occurred. For all the metals that were investigated, the sparks of the first type had a white color. These spark discharges happened with luminescence. The second type of sparks arose upon the attainment of a voltage of U spark2 ¼ 290 AE 10 V. The second-type sparks were reddish on the surface of the grade-1230 aluminum and had a yellowish color on the surface of other alloys. It can be concluded that the color of the second type of sparks was caused by the composition of an alloy because there was no change in the experimental conditions; they function with luminescence as well. Both kinds of sparks were characterized by a short time of existence and a fast movement on the surface of a sample. When the voltage reached U microarc ¼ 380 AE 10 V, the luminescence of a sample sharply stopped, and there were only microarc discharges. At the beginning of the microarc stage, they were white in color; then a reddish aura arose. The dense population of small, frequent sparks changed towards sparse populations of larger and longerliving discharge events.
At a stage of the microarc discharges, the difference in their sizes became noticeable. This fact was also observed by other researchers. 20) They obtained even the data of the fractional distribution of the cross-sectional areas of the microdischarge population for the different stages of the microplasma process. They detected four categories of microdischarge sizes in the population. There is, however, no interpretation of this phenomenon. The reasons for this can be as follows: It is reasonable that the microdischarges that are burning simultaneously in different parts of a coating surface are unequal. This is related to the fact that they are at different stages of their development. Besides, the characteristics of the individual microdischarges are essentially various as a result of the heterogeneity of the local (temporal and space) conditions in which they function. For the description of general dependence and laws, the detailed, complex picture of the real microdischarge population must be replaced with a simple picture. This simple picture must be the following: All microdischarges have identical quantitative characteristics within the concrete stage of the process.
Further, the number and characteristics of the microdischarges change monotonously within the concrete stage of the process or even hardly change under sufficiently large intervals of the process duration.
18) The experimental data were analyzed within the framework of this approach.
The minimal current densities of the realization of a mode of the microarc discharges for different aluminum alloys were also found (see Fig. 2 ).
The increase in the minimal (critical) current density with an increase in the contents of silicon can be explained as follows: Though silicon can be dissolved in aluminum melt, this solution is not stable at ordinary temperature. Upon the over-saturation of aluminum melt by silicon, however, it can be separated as impregnations of additional phases of silicon. Apparently, this is one of the main reasons for the nonuniform distribution of the components of alloys. The visual and microscopic analyses of the surfaces of several industrial alloys have shown that they represent a heterogeneous mix of aluminum and silicon phases. On the surfaces of the samples, the sites of a silicon phase are found. When the sizes of the sites of silicon are more than 1 mm in a cross-sectional area, the prolongation of the spark stages is observed.
21)
The assumption was put forward that while on a surface of aluminum the thickness of natural oxide film begins to increase, the surfaces of silicon sites remain without coating and serve as channels of a current leak. It can be hypothesized that the coating formation on a surface of silicon begins only in a mode of the microarc discharges when thermo-and chemical plasma processes participate in the coating formation. An increase in the copper contents of Al-Cu alloy only slightly raises the minimal current density of a realization of the microarc discharges. This may be related to the slightly worse quality of a natural oxide film on the surface of this aluminum alloy.
It can be seen in Fig. 3 that the contents of the silicon and copper have no influence, within the limits of experimental errors, over U spark1 , U spark2 , and U microarc . The influence of alloy composition becomes apparent in the duration of the initial stages of the AC process, as has already been mentioned. This conclusion can be applied as well to the AC-C process (see Fig. 6 ). The independence of U spark1 , U spark2 , and U microarc on a current density between the AC mode ( Fig. 3) and the AC-C mode signifies that near the moments of sparking voltage and of microarc discharge, voltage thickness and other coating characteristics can be reproduced independently of current density. This means that the characteristics of the individual microdischarges are also reproduced and that current density influences only the number of discharges per unit of a surface.
For the complex conditions that were investigated, the growth rate of an anode voltage at all stages increased, although there is no proportional reduction of the stage duration with an increase in current density (Fig. 4) .
A comparison of U spark1 , U spark2 , and U microarc with the durations of the corresponding stages of the processes for the three modes (half-wave anode, AC mode, and AC-C-mode) confirms the conclusion that at initial stages of the process (anodization, sparking stage), the negative current does not contribute to the formation of a coating and does not influence the characteristics of the coatings obtained. 22) Therefore, the times of attainment of U spark1 , U spark2 , and U microarc for the half-wave anodic coincide with those of the AC mode. The times of attainment of the same parameters in the third part of the AC-C mode is longer according to a 1:0.3 ratio of the durations of the AC and C packages.
Until now, there are conflicting views regarding the role of a negative current. Some researchers suggest that a negative current interrupts the functioning of the microdischarges. 23) This fact is obvious, although the microdischarges can be interrupted only by using the half-wave anodic mode. This mode is even more preferable from the point of view of power consumption. Other researchers see the role of a negative current as follows: ''The process of hydrogen liberation during negative biasing provides a plasma-supporting gas medium in the vicinity of the oxide-electrolyte interface from the very beginning of the oxidation processunlike the DC mode of PEO. This criterion creates favorable conditions for the immediate establishment of a gas-phase discharge on the oxide surface at the moment when the voltage drop across the gas bubble reaches the critical breakdown value during positive biasing''. 20) This statement must be verified through detailed research because the experiments in this study show that the negative current has no influence (Fig. 5) on the parameters U spark1 , U spark2 , and U microarc and on the duration of the initial stages. The influence of ''the overcharging effect'' 20) on the characteristics of the process is probable, though, and this effect requires experimental testing.
A negative current can be said to form the specific amorphous oxide-hydroxide layer under the initial layer of a coating. This layer does not have a crystalline structure. Furthermore, with the help of infrared spectroscopy, a research on the detailed structure of the layer was conducted, and the bonds: -Al=O, Al-OH, and Al-O-Al were found. From earlier research 24) it is known that the creation of preliminary dielectric oxide or a ceramic film (about 0.5 micron and above) on an aluminum surface is necessary to initiate the formation of a thick (up to 500 microns), amorphous oxide or hydroxide layer at the negative polarization of an electrode in an acidic electrolyte (C H < 0.1 kmol/m 3 ), and with a very low current density (%10 A/dm 2 ). This unusual fact can be explained by the local alkalization of media and the chemical dissolution of aluminum with ionization (Al ! Al 3þ ). A key feature of this layer is the absence of unipolar conductivity, which is an electrical characteristic of a material. Where there is unipolar conductivity, the electrical current passes are lower 10-100 times under a positive voltage (in a forward direction) than under a negative voltage. The absence of unipolar conductivity of an oxide film means an approximately identical conductivity under the positive and negative polarization of an electrode. With an increase in the thickness of a layer, its electrical resistance increases, and this is then reflected on the growth of a negative voltage upon the occurrence of the cathodic microdischarges. When it ignites up to 1200 C, this layer, consisting of polymeric chains from boehmite and hydrargillite, undergoes a phase transition from gamma Al 2 O 3 to alpha Al 2 O 3 .
It can be assumed from the given data that in the AC mode, the effect of a negative current is similar to the described phenomenon. At a certain thickness of the polymeric oxidehydroxide layer, a phase transition of gamma Al 2 O 3 to alpha Al 2 O 3 can be initiated.
Conclusions
(1) For grade-1230 and -2017 alloys as well as Al-7.6Si
and Al-10.4Si alloys, the minimal critical density of the realization of microarc discharges was found to be dependent on the alloy composition. (2) For grade-1230 and -2017 alloys as well as Al-7.6Si
and Al-10.4Si alloys, it was found that the process parameters U spark1 , U spark2 , and U microarc are not dependent on the alloy composition and the current density. (3) The following quantitative values of the above parameters were found: U spark1 ¼ 190 AE 10B; U spark2 ¼ 290 AE 10B; and U microarc ¼ 390 AE 10B. (4) It was established that an increase in current density leads to an increase in the growth rate of an anodic voltage and a decrease in the time of attainment of U spark1 , U spark2 , and U microarc . (5) It was found that a negative current has no influence on the parameters above at the initial stages of the AC microplasma process. (6) The study's hypothesis on the role of a negative current in AC microplasma processes was confirmed.
